ABSTRACT Plexiform lesions are characteristic histological changes of pulmonary arteries in human patients with severe pulmonary arterial hypertension (PAH) and are regarded as angiogenic lesions. Meattype broiler chickens are susceptible to PAH and can develop plexiform lesions spontaneously. Whether the lesion development in broilers is associated with PAH predisposition and lung angiogenic environment remains unclear. Moreover, little is known about the cellular origin of these structures. In this work, plexiform lesions were detected in both layer chickens (a strain known to be resistant to PAH) and broiler chickens aged between 1 and 6 wk with normal pulmonary arterial pressures. Within each of the sampled ages, the lesion density did not differ between strains, with an exception of wk 4 when broiler was higher than layer. In contrast to the trend of age-related decline in layers, lesion densities in broilers demonstrated biphasic alterations characterized by a gradual decrease during wk 1 to 3 followed by a sudden increase at wk 4. The mRNA of 6 angiogenic factors in the lung tissue, namely, vascular endothelial growth factor receptor (VEGFR)-2, angiopoietin (Ang)-1, angiopoietin receptor Tie-2, transforming growth factor (TGF)-β1, hepatocyte growth factor (HGF), and interleukin (IL)-8, were differentially expressed between strains. However, none of them was found to be significantly correlated with the lesion density by strain and age-adjusted partial correlation analysis. An in vivo experiment revealed impaired differentiation of endothelial progenitor cells (EPC) into endothelial cells during the producing of plexiform lesions, as evidenced by increased expression of endothelial CD133, a maker of EPC, but reduced expression of CD31, a marker of mature endothelial cells, in the parent vessels of plexiform lesions compared to normal vessels. Collectively, it appears unlikely that the predisposition to PAH or intrapulmonary angiogenic environment contributes to the lesion development in broilers when compared with layers. It is suggested that the lesion development is associated with increased pulmonary arterial pressure, and that local EPC dysfunction may play a role in the process.
INTRODUCTION
Among chicken strains, modern commercial meattype chickens (broiler chickens, broilers) are highly susceptible to pulmonary arterial hypertension (PAH), whereas layer chickens are not (Martinez-Lemus et al., 1999; Hassanpour et al., 2010) . Abnormal pulmonary vascular remodeling, which may lead to increased pulmonary vascular resistance and lung vessel obliteration, is believed to play a fundamental role in the process of PAH (Tan et al., 2005a (Tan et al., ,b, 2008 (Tan et al., , 2012 . Several lines of evidence suggest that the pulmonary vascular pathology of PAH in broilers is strikingly similar to that in humans, including medial hypertrophy, intimal hyperplasia, and formation of complex, obliterative vascular structures known as plexiform lesions (Wideman et al., 2013) . In contrast to the fact that plexiform lesions develop after the establishment of significantly severe PAH in humans and animal models (White et al., 2007; Abe et al., 2010) , which suggests hemodynamic effects on this process, the lesions are present in broiler chickens without PAH (Kluess et al., 2012; Tan et al., 2017) . Interestingly, plexiform lesions also were detected in broiler chickens selected for resistance to PAH (Wideman et al., 2015) . These findings raise a possibility that plexiform lesions might also occur in other chicken strains genetically resistant to PAH. However, evidence supporting this hypothesis is still lacking.
Typically located in branch points of small pulmonary arteries, plexiform lesions have been previously described as dynamic angiogenic lesions resulting from disordered or neoplastic-like endothelial proliferation and myofibroblast infiltration (Tuder et al., 1994 Cool et al., 1999) . This seems to be the case, as the endothelial cells in plexiform lesions are phenotypically different from normal pulmonary endothelial cells (Yeager et al., 2001; Masri et al., 2007) . In addition, various angiogenesis-related molecules, including vascular endothelial growth factor (VEGF), VEGF receptor type 2 (VEGFR-2, KDR/Flk-1), angiopoietin (Ang)-1, Ang receptor Tie-2, hepatocyte growth factor (HGF), and transforming growth factor (TGF)-β1, have been immunohistochemically detected in these structures Toshner et al., 2009; Farha et al., 2011; Jonigk et al., 2011) . Interleukin (IL)-8, which possesses proangiogenic and antiapoptotic activities and acts as a growth factor for endothelial cells (Li et al., 2003) , also has been implicated in the pathogenesis of pulmonary vascular remodeling (Soon et al., 2010) .
Based on recent observations, however, it has become evident that the formation of plexiform lesions in human PAH is associated with dysfunction of endothelial progenitor cells (EPC) (Toshner et al., 2009) . EPC are known to contribute to neo-angiogenesis and vascular repair by secreting angiogenic cytokines or by differentiating into mature endothelial cells after homing to the sites of endothelial injury (Hur et al., 2004; Fadini et al., 2010; Wang et al., 2016) . In our previous study, we also determined the accumulation of CD133+ EPCs in the spontaneously developed plexiform lesions in broilers (Tan et al., 2017) . Although data in vitro indicate that the local inflammatory environment may impair EPC functions including their differentiation capacity (tubular formation) (Tan et al., 2017) , direct in vivo evidence regarding the functional changes of these cells in the affected vessels is still lacking.
The first aim of this work was to compare the plexiform lesions in the lungs in 2 chicken strains with different susceptibilities to PAH, namely, Hy-Line white egg layer chickens and commercial broiler (Cobb 500) chickens. The mRNA levels of VEGFR-2, Ang-1, Tie-2, TGF-β1, HGF, and IL-8 also were examined to evaluate whether these angiogenic pathways play a role in the formation of plexiform lesions. Finally, we aimed to characterize the differentiation ability of EPC in the parent vessels of plexifrom lesions. If the origin or sustainment of the lesions is associated with reduced endothelial differentiation of EPC, increased expression in CD133 (a marker of EPC) and reduced CD31 (a marker of mature endothelial cells) would be expected in the arteries from which plexiform lesions arise compared to the normal vessels.
MATERIAL AND METHODS
All experimental procedures were reviewed and approved by the Ethic's Committee of the Zhejiang University (Approval number ZJU2015-445-12).
Animals
One-day-old Hy-Line white layer chickens (n = 50) and broilers (Cobb 500, n = 80) were obtained from 2 different commercial hatcheries. All the birds were housed in wire cages with appropriate density. Thermoneutral temperatures were applied to birds by gradually reducing the temperature from 33 to 25
• C by 21 d of age, after which the brooding temperature was maintained at 24
• C. To minimize the potential effects of feed on bird physiology, all the birds were fed a broiler starter diet from d 1 to 21 (22.04% CP and 3,200 kcal ME/kg) and a grower diet (20.26% CP and 3,200 kcal ME/kg) from d 22 to 42. The diets were maize-soybean meal based and formulated to meet or exceed requirement for broilers (NRC, 1994) . Feed and water were provided ad libitum. The photoperiod consisted of continuous lighting (24L:0D) during the whole experiment.
Samples Preparation
At each wk of age, at least 4 chickens from each group (broiler and layer chickens) were randomly selected and killed by cervical dislocation. Hearts were dissected and weighed to calculate the right-to-total ventricular weight ratios (RV/TV) as an index of the right ventricular work hypertrophy. A bird having an RV/TV ratio above 0.28 was considered to suffer from sustained PAH (Chapman and Wideman, 2001 ). The whole right lung was collected and cut in the transverse plane at the major rib indentations (costal sulci). For histological study, and one inter-rib division from the middle of each lung was fixed in 4% paraformaldehyde. The apical regions of the left lungs were obtained in all samples, deep frozen immediately after collection, and stored in liquid nitrogen until use.
RNA Isolation and cDNA Synthesis
Total RNA was extracted from frozen lung tissue using TriZol TM reagent according to the manufacturer's protocol (Takara, Kusatsu, Shiga, Japan). For cDNA synthesis, 1 μg of total RNA was reverse-transcribed into cDNA using a PrimeScript RT reagent Kit with genomic DNA Eraser (Takara, Otsu, Shiga, Japan) according to the supplier's instruction. The synthesized cDNA was stored at -20
• C for PCR.
Real-Time Quantitative PCR
Gene expression was quantified by real-time quantitative PCR using FastStart Universal SYBR Green Master (Roche Diagnostics, Indianapolis, IN, USA). Intron-spanning primer sets were designed using the Primer-BLAST program (http://www.ncbi. nlm.nih.gov/tools/primer-blast) and are presented in Supplementary Table S1 . DNA amplification was performed on the Mx3005P Real-time PCR System (Agilent Technologies, Santa Clara, CA, USA). The PCR program consisted of an initial step of 10 min at 95
• C followed by 40 amplification cycles (denaturation for 15 s at 95
• C, annealing/elongation/SYBR detection for 60 s at the optimal annealing temperature). The program ended with a melt curve from 60 to 90 • C. A negative control using water instead of cDNA was used to verify the absence of contamination. Amplification specificity and primer/dimer formation was checked using the melting curve. The amplification efficiency for each primer set was calculated from a standard curve made out of 5 serial dilutions (1:10−1:10000) of a pool of cDNA using the equation E = 10
[-1/slope] -1. To choose the suitable reference genes for normalization of qPCR measurements, the expression stability of 8 candidate reference genes (Supplementary Table  S1 ) across strains and ages was assessed. The 2 most stable genes (GADPH, ACTIN) were chosen based on GeNorm analysis (Vandesompele et al., 2002) . The gene expression stability values and pairwise variation of the candidate reference genes are shown in Supplementary Figure S1 .
The relative expression value of the target gene mRNA against reference genes was calculated with the geometric mean of the cycle threshold (Ct) values of the selected reference genes using a Pfaffl analysis method (Pfaffl, 2001) .
Lung Histology
The paraformaldehyde-fixed, paraffin-embedded lung tissues were serially sectioned in the transverse plane at 4 to 5 μm thickness. One slide of each lung was stained with haematoxylin and eosin (H&E) to search plexiform lesions. Lesions displaying the morphological features as described by Tan et al. (2017) were included. The area of each lung section was measured using a graph paper. Plexiform lesion density was expressed as the number of lesions per section/cm 2 per section, as described previously (Wideman et al., 2011) .
Immunohistochemical Staining
Sections were deparaffinized and rehydrated, followed by incubation in 3% H 2 O 2 . Antigen retrieval was performed in Tris/EDTA buffer (pH 9.0) in a pressure cooker. Sections were blocked with 5% bovine serum albumin and incubated overnight at 4
• C with either polyclone rabbit anti-rat CD133 (dilution 1:50) or polyclone rabbit anti-rat CD31 (dilution 1:50). The primary antibodies were obtained from Bostar Biological Technology, Wuhan, Hubei, China. Afterward, the sections were incubated for 30 min at 37
• C with a biotinylated goat anti-rabbit IgG secondary antibody and with ABC for 30 min at 37
• C using the ABC kit (Bostar Biological Technology, China). Color reaction was performed with the chromogen 3,3 -diaminobenzidine tetrahydrochloride (DAB). Sections were then counterstained with hematoxylin. As negative controls, adjacent sections were processed in parallel without the primary antibodies. The expression of endothelial CD133 and CD31 in the parent arteries of plexiform lesions and randomly selected normal branching muscular arteries in the lung sections from broiler chickens was semi-quantified by measuring optical density (OD) using ImageJ version 1.50b (National Institutes of Health).
Statistical Analysis
Student's t test was used to compare RV/TV ratios between strains and the differences of endothelial CD133 and CD31 expression between normal vessels and the parent vessels of plexiform lesions. Withingroup difference was analyzed using one-way ANOVA followed by a least significant difference (LSD) post hoc test. Differences in relative gene expression between strains were compared using the nonparametric MannWhitney U test. Correlations were determined by using the partial correlation test following logarithmic transformation of the relative amounts of the genes investigated. The significance level was defined as P < 0.05. The statistical analysis was performed using SPSS software (version 22; IBM Corp., Armonk, NY).
RESULTS

RV/TV Ratios in Sampled Birds
The RV/TV ratios at all sampled ages are shown in Table 1 . None of the sampled birds had sustained PAH, as indicated by their RV/TV ratios. Within each of the ages, the RV/TV ratios did not differ between strains, with the exception of wk 2 when layers showed a higher mean RV/TV ratio than broilers.
Density of Plexiform Lesions in The Lungs of Layers and Broilers
Plexiform lesions were detected in both layer and broiler chickens at all sampled ages. The lesions in layer chickens were morphologically indistinguishable from those in broiler chickens (Figures 1, 2, 3, 4) . All sampled birds had plexiform lesions in their lungs during wk 1. However, the lesions were too sparse to be detected in the lung sections from some layer chickens aged 2 to 6 wk and broiler chickens aged 5 to 6 wk ( Table 2 ). There was a trend of progressive decrease of lesion densities with age in layer chickens. In broilers the lesion densities tended to decrease with age in the first 3 wk, followed by a sudden increase at wk 4, and then decreased again at 5 to 6 weeks. No significant differences of lesion density were determined between strains within a sampling age, except for that at wk 4 when broilers showed higher lesion density than layers ( Table 2) .
Expression of Angiogenic Factors in The Lungs of Layers and Broilers
As shown in Figure 5 , the relative amounts of IL-8 mRNA in the lungs of layer chickens were higher than that in broiler chickens at all sampled ages. Consistent differences in Ang-1 mRNA levels also were determined between strains across ages. There were also significant but inconsistent differences in the gene expression of VEGFR-2, Tie-2, TGF-β1, and HGF between strains.
Correlations Between Angiogenic Factors and Plexiform Lesion Density
We next questioned whether the formation of plexiform lesions was correlated with any of the angiogenic factors investigated. When broiler and layer chickens were considered together, no significant correlations between the expression levels of the genes investigated and plexiform lesion density were observed by partial correlation analysis after adjustment for age and strain ( Figure 6 ).
Expression of Endothelial Cd133 and Cd31 in Normal Vessels and The Parent Vessels of Plexifrom Lesions
Lung samples from broilers at all sampled ages were used to determine endothelial CD133 and CD31 expression in pulmonary arteries by immunohistochemistry. As shown in Figure 7 , the parent vessels of plexiform lesions had higher endothelial CD133 expression than normal vessels. In contrast, the expression of endothelial CD31 in these vessels was significantly lower compared to that in the normal vessels.
DISCUSSION
Plexiform lesions have been well documented in commercial broilers (Tan et al., 2017) and in broiler lines selected for PAH susceptibility and PAH resistance (Wideman et al., 2011 (Wideman et al., , 2015 . We recently demonstrated that plexiform lesions developed in broilers share all the reported morphological features of plexiform lesions from human PAH (Tan et al., 2017), suggesting that broilers represent an excellent animal model of spontaneous plexogenic arteriopathy. In the present study, we showed for the first time, to the best of our knowledge, that plexiform lesions develop in layer chickens. In addition, the lesions in layer chickens were morphologically indistinguishable from the plexogenic arteriopathy in broiler chickens. These findings are interesting, regarding that layer chickens are genetically resistant to PAH. It thus appears that the predisposition to PAH is not a necessary element in the development of plexiform lesions in broilers when compared with layer chickens. In this regard, layer chickens also provide an animal model for investigating the mechanisms leading to the development and progression of plexiform lesions.
In the present study, plexiform lesions were detected in both chicken strains as early as 2 d after hatch, which is in line with the findings of a previous study in which the plexiform lesions were detected in oneday-old broiler chickens (Wideman et al., 2015) . The mechanisms responsible for the rapid lesion develop- ment in newly hatched chickens are unclear. However, it is very likely that the lesions observed at this stage have already existed before hatch. A possible explanation for this is that chicken embryos might experience an increase in pulmonary arterial pressure prior to hatch (Wideman et al., 2015) . Supporting this idea is that fetuses of most mammal species have very high pulmonary arterial pressure shortly before birth (Sharma et al., 2015) . However, the existence of the complex lesions was not reported even in newborns with persistent pulmonary hypertension (Steinhorn, 2016) . Clearly, further studies are needed to determine whether the pulmonary arterial pressure of chicken embryos is set at a high level before hatch and when plexiform lesions first appear in the embryos.
Given that the absolute lung volumes of young birds increase with increasing age (Owen et al., 1995) , the density of plexiform lesions in the lung must decrease with age if no new lesions develop after hatch. In this work, we did observe an age-related progressive decrease of lesion densities in layer chickens. A gradual decline in lesion densities was also evident in boiler chickens from hatch to 3 wk of age but was followed by a sudden increase at wk 4. Therefore, it was our belief that there were newly formed lesions in our 4-week-old broiler chickens. It has been found that the pulmonary arterial pressure in broiler chickens increases from 20 to 25 mm Hg between 2 and 3 wk of age and remains at approximately 25 mm Hg during the following 2 wk (Forman and Wideman, 2000) . Therefore, the formation of new plexiform lesions in broilers at 4 wk of age could potentially be attributed to increased pulmonary arterial pressure initiated after wk 2. Supporting our findings, Wideman et al. (2015) also showed that broilers had relatively higher plexiform lesion density at wk 3 in the first 6 wk of life.
In the present study, we demonstrated significant differences in the tissue-level expressions of VEGFR-2, Ang-1, Tie-2, TGF-β1, HGF, and IL-8 in the lungs of broiler and layer chickens, suggesting distinct lung angiogenic factor environments in the 2 strains. Nevertheless, we did not observe significant associations between the mRNA levels of the angiogenic factors investigated and the lesion density. These findings are important, regarding the enhanced expression of various angiogenesis-related molecules in plexiform lesions Toshner et al., 2009; Farha et al., 2011; Jonigk et al., 2011; Hamal et al., 2012; Tan et al., 2017) . It is notable that some cells comprising the plexiform lesions, such as myofibroblasts/fibrobalsts and macrophages, are able to express numerous proangiogenic molecules (Staton et al., 2010; Nucera et al., 2011; Vong and Kalluri, 2011) . To this end, it would not be surprising to detect a broad spectrum of angiogenic molecules in the lesions. To our knowledge, no previous studies have evaluated the contributions of these factors in the process of plexiform lesions.
In a recent study, we demonstrated that the immature plexiform lesions in the lungs consisted predominately of EPC (Tan et al., 2017) . In the current study, we tested the hypothesis that the endothe- * Means between strains within a sampled age are significantly different for P < 0.05. lial differentiation ability of EPC in the affected vessels is altered. Immunohistochemical analysis revealed widespread vascular endothelial expression of progenitor cell marker CD133 as well as CD31 in pulmonary vasculature. Compared to the normal vessels, however, the arteries from which plexiform lesions arose displayed increased CD133 but reduced CD31. Given that the differentiation process of EPC toward mature endothelial cells is accompanied by the loss of CD133 and the increase of CD31 expression (Bi et al., 2014) , our results allow us to argue that the formation or sustainment of plexiform lesions is associated with impaired endothelial differentiation ability of local EPC. Indeed, our prior study suggests that EPC in plexiform lesions undergo macrophage transition rather than endothelial differentiation (Tan et al., 2017) .
In summary, this work demonstrates that, in addition to broiler chickens, layer chickens also can develop plexiform lesions. It is thus unlikely that there is a genetic predisposition for the lesion development in broilers when compared with layers. Nevertheless, it appears that broilers develop new lesions during the growing period, whereas the layers do not. We also showed that broiler chickens have a distinct lung angiogenic factor environment compared to layer chickens. However, it seems that the formation of plexiform lesions is not affected by the angiogenic environment. Our results also provide further evidence supporting the idea that EPC dysfunction plays an important role in the development and sustainment of plexiform lesions. Further studies are warranted to test whether therapies targeting EPC can prevent or reverse plexiform lesions.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 . Primer sets used in SYBR-green-based quantitative real-time PCR (qPCR). genes with a mean stability value M <0.5 are considered as stably expressed. (B) Pairwise variation (Vn/Vn+1) was analyzed between the normalization factors NFn and NFn+1. According to the developers of geNorm, a variation <0.15 indicates no significant contribution of an additional reference gene to the normalization factor (Hellemans et al., 2007) . In the present study, the V2/3 value is below the cut-off value of 0.15, indicating that the use of the 2 most stable reference genes, GADPH and ACTIN, is sufficient for accurate normalization.
